Introduction
Sulfate attack can be described as a series of chemical interactions that occur between hardened cement paste and sulfates. The degradation of cement-based materials in sulfate-bearing environments has been of concern to concrete technologists since the early 19 th century [1] [2] [3] . In most cases, the deterioration that was caused by the sulfate attack resulted in formation of ettringite or gypsum. Sulfate ions can react with tricalcium aluminate, hydrated calcium aluminate, or monosulfate to form ettringite [4] . Sulfate ions also can react with calcium hydroxide to form gypsum. The formation of ettringite or gypsum is ______________________________________________________________________________________________________________________ accompanied by spalling, cracking, softening, expansion and various other forms of damage [5] [6] [7] . Due to its complicated mechanisms, research related to the effects of sulfate ions on the products formed in concrete has remained in progress [8] . Generally, expansion that results from sulfate attack is attributed to the formation of ettringite. In addition, several theories have been proposed regarding the expansion mechanisms of ettringite [9] [10] [11] . However, it is still a controversy that ettringite crystals observed in cracks are the reason for expansion [12] . Mather [5] believed that the gypsum was formed in the solution and it was therefore nonexpansive. However, Tian [13] thought it could lead to expansion. Irassar et al. [14] and Yu et al. [15] tend to support the former with the application of scanning electron microscopy (SEM) in microstructure analysis. Although it remains disputable whether the formation of gypsum leads to expansion, the precipitation of gypsum can lead to the consumption of calcium hydroxide and decalcification of calcium silicate hydrate and cause a strength loss in concrete. In the existing test procedures, resistance of binders to external sulfate attacks is assessed on the mortar prisms. Different approaches were developed by engineers and researchers over the past century to overcome and understand the mechanisms behind the degradation of concrete by external sulfate sources. Most countries have established national standards to evaluate the sulfate resistance of cement-based materials. Acceleration is often obtained by increasing sulfate concentration: 34g/L in ASTM C1012 [16] and NF P 18-837 [17] , 20.4g/L in GB/T 749 [18] . Groundwater or sea water is a natural sulfate source to which buried concrete can be exposed to. However, these waters typically have low sulfate content, usually about 2.7 g/L in seawater, 0.2 to 6 g/L in groundwater. The advantages of obtaining test results in a relatively short period are accompanied by questions regarding the changes that occur during the process of deterioration [19] . Skalny [12] described that gypsum become an issue at sulfate concentrations above 3g/l. Santhanam [20] also thought that the mechanism of sulfate attack could be changed with a change in the concentration of sulfate solution. So, sulfate concentration may be an important impact on the deterioration mechanism.
In this study, mortars prepared with Portland cement containing 6.6% C 3 A were immersed in sodium sulfate solutions for up to 600 days. The two levels of the sulfate concentration (3g/L and 33.8g/L) have been taken into account to investigate the phase changes (Portlandite, ettringite and gypsum) and microstructure evolution throughout the entire attack process. Macro-performances on specimens are further studied at different periods. These results are of great importance for the understanding of deterioration mechanism of structures submitted to sulfate attack in different conditions.
Experimental

Materials
Portland cement PⅡ42.5R (GB) manufactured by China Cement Corporation was used to prepare the mortar specimens. The quartz sand was used for the mortar mixture with a particle size of 0.5 mm-1 mm. The chemical composition of the cement is shown in Table 1 . The analytical reagent anhydrous sodium sulfate was used to prepare the sulfate solutions.
Specimen processing
According to GB/T 749 (2008), the mortar specimens were cast with a cement: sand ratio of 1:2.75 and a water to cement ratio of 0.65. All of the specimens were demolded after casting in the molds for 24 h and then cured for 28 days in limewater at 20±2C. Thereafter, the samples were immersed in the Na 2 SO 4 solutions for up to 600 days at 20°C and the solutions were exchanged every month. The length change and the compressive strengths of the specimens with the size of 25 mm × 25 mm × 280 mm and 40 mm × 40mm × 160mm were recorded at regular intervals.
Test methods
In addition, X-ray diffraction (XRD) was conducted on powder sample using an ARL X' TRA diffractometer with Cu Kα radiation. Scanning electron microscopy (SEM) coupled with energy dispersive spectroscopy (EDS, JSM-5900, S-3400N) was used to investigate the microstructure. 3 Results and discussion
Physical aspects
From visual examination of mortars after 450 days' exposure in Na 2 SO 4 solution of 33.8 g/L (Fig. 1) , the samples show obvious expansion and cracking. The sample in Na 2 SO 4 solution of 3 g/L showed slight cracking at the edges and the reference sample appear no affected. Surface cracks are the main migration paths of sulfate ions and the formation and evolution of cracks obviously affected the ingress rate of sulfate ions even durability of structures. So, it is very important to pay attention to the change of cracks during the entire attack process. The surface cracks of mortars at different immersion time were studied with nondestructive testing by optical microscope (Fig.2) . With the increase of immersion time, the cracks progress from the surface of the sample towards the bulk. Many more cracks were formed on the surface, and the sample shows a disintegration of the surface. In addition to the surface change, expansion was measured to describe damage of the bulk, as shown in Fig.3 . The length changes of the reference samples immersed in water showed no obvious changes. The sample immersed in Na 2 SO 4 solution of 3 g/L showed steady and slow expansion. The expansion of the samples was still significant after 600 days of exposure. The accelerating expansion pattern of the mortars was observed following 210 days' immersion in Na 2 SO 4 solution of 33.8 g/L.
The mortar immersed in 33.8 g/L sulfate solution suffered greater expansion, and this might be because more sulfate ions can permeate and diffuse into the inner part to form expansion products. The lengths of the mortars could not even be measured because the nail heads of all three samples fell off at 500 days. 
The products formed during sulfate attack
The XRD patterns of the mortars that were immersed in sulfate solution of 3 g /L for 150, 210, 360 and 600 days are shown in Fig. 5 . 
/L for different periods (P: portlandite; E: ettringite).
In this diagram, quartz peaks were avoided by focusing on the patterns between 5 o -20 o to show the changes in the compounds during sulfate attack. Three X-ray diffraction angles (Cu Kα, 2θ) were used to characterize the phases: ettringite at 9.1, gypsum at 11.6, and Portlandite at 18.0. After 90 days of exposure, only Portlandite was detected and no visible ettringite diffraction peak was observed. Ettringite diffraction peak was observed obviously when the mortars were immersed in the solution for longer, such as 210, 360 and 600 days. However, no gypsum was detected in the mortar even it was immersed in the solution for up to 600 days. These results indicated that sulfate ions diffused into the mortars continuously and reacted with the Al-phase to form ettringite rather than forming gypsum at the low sulfate concentration of 3 g/L. Fig. 6 showed the XRD patterns of the mortars after immersion in sulfate solution of 33.8 g/L for 150, 210, 360 and 600 days. This XRD pattern shows that gypsum peak was detected after 210 days of immersion. The result indicated that higher sulfate concentration in the solution was favorable for the formation of gypsum. Additionally, the peaks of ettringite and gypsum can be observed obviously while the peak of Portlandite was obviously decreased in the mortar at 600 days of immersion compared with the 150 days of immersion. Fig. 7 shows the microstructures of the mortar after immersion in sulfate solution of 33.8 g/L for 360 days. Bundles of needles ettringites were observed surrounding the cement particles (mainly Al-phase) in the mortar. These fine ettringite crystals were approximately 2-5 μm and destroyed the matrix microstructure, which can result in expansion and cracking when they grew towards the surrounding solids. It can be conducted that sulfate ions firstly reacted with the Al-phase in the surface layer. The formation of ettringite can cause the formation of gaps between the pastes and aggregates due to the expansion of the paste. The presence of cracks potentially accelerated the diffusion and deterioration because they provided direct pathways for the diffusion of sulfates ions into the mortar. . These large crystals are generally considered to be formed in free space through solution without expansion. And it was contributed to little or no expansion. Thus, the formation of fine ettringite(2-5μm) was likely the main reason for the observed expansion and cracking (macro-behavior). 
Microstructure of the mortars
/l for different periods (a) 150d (b) 210d (c) 360d (d) 600d.
After 150 days of immersion, as shown in Fig. 9(a) , fine ettringite was formed in the paste, which ______________________________________________________________________________________________________________________ resulted in expansion and caused some gaps between the sand and paste. At 210 days of exposure, as shown in Fig. 9(b) , more cracks were formed in the paste and the gaps between the sand and paste become wider. The formation of fine ettringite in the paste might be responsible for these gaps since gypsum was not observed in the gaps at this stage. With the increase of immersion time, as shown in Fig. 9(c) , gypsum was formed in the cracks that were cause by the fine ettringite formation. When the mortars were immersed in the solution for 600 days, as shown in Fig, 9(d) , a clear gypsum vein with a thickness of approximately 10 μm was observed in the gaps. In this case, the gypsum was likely deposited in the cracks that originally formed due to the formation of ettringite.
Discussion
The sulfate concentration affected attack rate and the damage mechanism of sulfate attack may also be affected by sulfate concentration because only ettringite was formed at the sulfate concentration of 3g/L. Gypsum, as well as ettringite, was detected in the samples that were immersed in sulfate solution of 33.8 g/L. According to physical characteristics phase changes and microstructures evolution, the deterioration of mortars immersed in sodium sulfate solution can be described as several stages, as shown in the schematic diagram in Fig. 10 . When the mortars were exposed to sulfate solutions, sulfate ions can react with Al-phase, such as monosulfate and hydrated calcium acuminate, to form small amount of fine ettringite crystals in a high alkaline solution and associate to surface micro-cracking. However, continuous hydration predominates (slight water uptake) resulting in a slight increase in strength and insignificant expansion, which can be referred as induction stage. As the immersion time goes by, many fine ettringites, approximately 2-5 μm, are mainly formed around the cement particles (mainly Alphase), and it causes cracks in the surface layer. The ingress of sulfate ion starts a slow expansion and a loss of strength as the damage mainly occurred in surface region rather than the inner part, which can be described as surface damage stage. Accompanied by the formation of cracks in surface layer, sulfate ion will continually and quickly move into the inner parts of mortars through the cracks. It is a stage of bulk damage as the formation of more cracks and gaps inside. Afterwards, much more of sulfate ions migrate into the inside resulting in much more ettringite and gypsum. The typical character of this stage is large ettringite and gypsum crystals deposited in the cracks or gaps that were formed previously. Unlike the fine ettringite formed surrounding the cement particles, the large ettringite crystals in cracks or pores may be formed through solution, and it is believed to be non-expansion. The large ettringite crystals will be formed at the cracks zone (surface layer) as the consumption of portlandite occurs. At the same time, more sulfate ions diffused into the inner part to form fine ettringite at high alkaline environment. The rate and amount of sulfate ions in high sulfate solution (33.8 g/L) will be much higher than that in low sulfate solution (3 g/L). Fine ettringite formed continuously from surface to the bulk, so a large amount of fine ettringite in the inner part of the mortars immersed in 33.8 g/L may be attributed to the large expansion after 210 days exposure. It can be conducted that the formation of gypsum was from the precipitation of calcium ions (from portlandite) with sulfate ions (from the aggressive environment) since its formation resulted in obvious consumption of portlandite. In order to maintain the calcium balance in the system, the consumption of portlandite caused the decalcification of C-S-H that is source of strength in mortars. Thus, obvious losses of compressive strength could be generally attributed to the decomposition of calcium hydroxyls and to the decalcification of C-S-H. Thus, the gypsum formation contributed to completely separate the aggregate and paste rather than expansion in the mortars. In addition, the increase of sulfate concentration is a plus for the formation of gypsum. The commonly applied laboratory tests may not be completely suitable for representing the damage that occurs under field conditions.
Conclusion
Cracking is the main characteristic of mortar during sodium sulfate attack. Initially, the formation of fine ettringite (2-5μm) surrounding the cement particles contributed to slight cracking along the corners. The degradation process of mortars was from surface damage to bulk damage with the diffusion of sulfate ions through cracks. At the bulk damage stage, more and more fine ettringite crystals that were formed in matrix lead to obvious expansion and cracks. Some gypsum and large ettringite crystals (>20μm) were also observed in the cracks or pores that were formed due to the fine ettringite at this stage. At the later stage, gypsum can be easily formed in interfacial transition zones or matrix, as the consumption of calcium hydroxide or C-S-H, which mainly contributed to a complete failure of mortars rather than their expansion.
